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Abstract 
Compounds Ca0.5Zr2(PO4)3: Er/Yb, Ca0.75Zr2(PO4)2.5(SiO4)0.5: Er/Yb were synthesized, luminescent properties and 
biocompatibility were investigated. The synthesis conditions providing homogeneity of the phases and the formation 
of nano-sized powders were selected. Emission of luminescence was established at  = 0.525 m under excitation by 
infrared radiation source. The vitality of cells (neutrophils) after incubation with developed substances did not 
decrease. 
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1. Introduction 
The perspective field of material science is the elaboration of biocompatible nanocrystalline materials 
with high emission characteristics in the visible spectrum for visualization of living cells and tissues 
(bioimaging). The biological inactivity of such materials, their luminescence in the visible area with 
acceptable intensity and safety of its excitation sources for biological objects are required for such 
purpose. 
For this aim, the nanocrystalline composites CdSe/ZnS (“quantum dots”) [1, 2], luminophores based on 
silicates of divalent elements Ca0.2Zn0.9Mg0.5Si2O6 doped with Eu2+, Dy3+, Mn2+ [3], phosphate 
compounds (including based on calcium phosphate [4]) are studied today. The first of them are not safe 
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for living systems (this fact follows from their element composition), though these compounds possess the 
required optical properties (emission and wavelength intensity). The obtaining of silicate compounds 
requires high temperatures of synthesis (~1150°C).  
In the literature [4], there is only mention of the possibility of using of phosphates with the -Ca3(PO4)2 
structure as fluorescent markers.  
In our opinion, the members of NaZr2(PO4)3 (NZP) family materials doped with lanthanides  are of 
interest for the optical imaging of cells and tissues among the new known materials. 
Isomorphic phosphates, containing lanthanides, were described in many publications, which were 
collected in review articles [5, 6].  
The main goal of this work was to prepare the calcium and lanthanides (Er and Yb) containing 
phosphates and phosphate-silicates with the NZP structure. We investigated the influence of the chosen 
methods and preparation conditions on the formation of single-phase powders with the expected structure, 
their fluorescent properties (excitation by infrared radiation in the field of “therapeutic window of 
transparency”) and toxicity to biological objects.  
It is known, that compounds, containing both Er3+ and Yb3+ cations, demonstrated the emission in 
the visible range of spectrum, under excitation with ~0.98 m irradiation [7]. In this paper we studied this 
ability of Er3+/Yb3+ pairs in the NZP compounds. 
2. Experimental 
The investigated objects were Ca, Zr, Er, Yb containing phosphates and phosphate-silicates with 
various Er/Yb ratios and concentrations of the series: Ca0.5-1.5(x+y)ErxYbyZr2(PO4)3 (I),  
Ca0.75-1.5(x+y)ErxYbyZr2(SiO4)0.5(PO4)2.5 (II). The ratios x:y are given in Table 1. The summary Er and Yb 
concentrations were changed in the ranges: 0.01+0.0025 x+y 0.10+0.10 (series I), 
0.01+0.01 x+y 0.20+0.20 (series II). 
Table 1. The compositions of the studied phosphates Ca0.5–1.5(x+y)ErxYbyZr2(PO4)3 (series I) and phosphate-silicates Ca0.75–
1.5(x+y)ErxYbyZr2(SiO4)0.5(PO4)2.5 (series II). 
x:y Y Abbreviation 
1:1 
0.01 
0.05 
0.10 
0.20 
CaLnP (1:1) 0.01 
CaLnP (1:1) 0.05 
CaLnP (1:1) 0.10 
– 
CaLnPSi (1:1) 0.01 
CaLnPSi (1:1) 0.05 
CaLnPSi (1:1) 0.10 
CaLnPSi (1:1) 0.20 
    
1:4 
0.01 
0.02 
0.03 
CaLnP (1:4) 0.01 
CaLnP (1:4) 0.02 
CaLnP (1:4) 0.03 
– 
– 
– 
    
1:10 
0.02 
0.04 
0.06 
CaLnP (1:10) 0.02 
CaLnP (1:10) 0.04 
CaLnP (1:10) 0.06 
– 
– 
– 
 
We used various conditions of sol-gel process for the synthesis of compounds. We added a solution of 
NH4H2PO4, silica sol, ethyl alcohol to the solution of metal salts taken in stoichiometric proportions. Then 
the reaction mixture was heated at T = 90, 600 and 800°C during 24 h at each stage. Gel forming was 
performed at T = 0, 20, 80°C (in some experiments ultrasonic influence was used). Powders were 
dispersed in an agate mortar (20 min) between the stages of heating from 90 to 800°C.  
Described options were applied for obtaining Ca0.5-1.5(x+y)ErxYbyZr2(PO4)3 phosphates (x + y = 
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0.01+0.01, 0.05+0.05, 0.10+0.10 and x:y = 1:1, series I) and allowed to establish an optimal conditions of 
phosphates obtaining.  
The prepared powders were characterized by Differential scanning calorimetry (DSC, Thermal 
analyzer Setaram LabSys TG-DTA/DSC), Infrared  spectroscopy (IR, Spectrophotometer Shimadzu IR 
Prestige-21), X-ray diffraction (XRD, Diffractometer Shimadzu LabX XRD-6000, CuK  radiation with 
 = 1.54178 Å). The size of nanoparticles was studied by Atomic force microscopy (AFM) at 
the SOLVER ProTM (NT-MDT, Russia) with scanning head Smena-A and the system of optical 
observation. Measurement of luminescence was performed on the installation, collected on the basis of 
spectral universal computational complex KSVU-23. Photoluminescence was measured at room 
temperature in the 0.45–0.70 m and 1.4–1.65 m wavelength range. We were using a semiconductor 
laser (  = 0.977 m) operating in pulse mode as a source of excitation. InGaP-photodiode (for work in 
the near-IR) or PMT HAMAMATSU R406 (for using in the visible wavelength range) was installed on 
the monochromator slit (MDR-23) for the radiation detection.  
The toxicity of phosphates was determined on the neutrophil granulocytes culture (cells with high 
phagocytic activity). They were extracted from venous blood of healthy people. The number of living 
cells at the beginning of the experiment was not less than 99% (test with trypan blue). The vitality of cells 
in the control experiment and in the presence of the phosphate suspension (10–4 mg/l) was evaluated by 
propidium iodide staining (“Sigma”, USA). Cells were fixed on the substrate using of ethyl alcohol (70%) 
during 10 min, then the substrate was washed with distilled water and stained with 0.025% propidium 
iodide solution. The number of stained (dead) cells was calculated after washing for a five times. 
 
3. Results and discussion 
Based on the DSC data of precursor Ca0.35Er0.05Yb0.05Zr2(PO4)3, prepared at the stage of colloid at 20°C 
and kept at 200°C for 24 h, we have determined the presence of the thermal effect at ~750°C, which can 
be related to the process of desired product formation. We use this to choose the temperature of synthesis.  
From the X-ray analysis of phases formed under heating at 90, 600 and 800°C (Fig. 1a), we have 
established the formation of the target phase at T ~ 800°C, which is consistent with the data of DSC. 
The varying of the gel forming temperature (from 0 to 80°C) and ultrasonic action (at T = 20°C) did not 
influence on the change on the final temperature of formation of monophase product. We observed only in 
a slight decreasing of the X-ray diffraction maximum intensities and their broadening due to crystallite 
size reduction. Based on these data, the gel formation in all subsequent syntheses was performed at 20°C 
without ultrasonic action (as a more simple process).  
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Fig. 1. X-ray diffraction patterns of the phosphates: (a) Ca0.35Er0.05Yb0.05Zr2(PO4)3 after thermal treatment at  = 90 (1), 600 (2), 800 
(3) ° ; (b) CaLnP (1:1) y = 0.1 (1), CaLnP (1:4) y = 0.03 (2), CaLnP (1:10) y = 0.06 (3), CaLnPSi (1:1) y = 0.2 (4). 
The X-ray patterns of the phosphates and phosphate-silicates obtained after heating at 800°C were 
similar in location and relative intensity of diffraction peaks. For example, the XRD data for samples with 
maximum lanthanides content, including samples with phosphorus to silicon partial replacement, are 
presented in Fig. 1b. The structural analogue for indexing was Ca0.5Zr2(PO4)3 (sp. gr. R 3 [8]). The 
calculated unit cell parameters for all studied compounds were in the ranges 8.761  a  8.785 Å, 22.658 
 c  22.850 Å, 1507.547  V  1519.072 Å3. Particle size distribution of phosphate samples was close to 
normal and depended on the synthesis conditions (Table 2). Temperature increase from 0 to 80°C on the 
stage of the gel forming resulted in increase the average crystallite size. The careful grinding alternated 
with the stages of heat and ultrasound treatment allowed us to reduce of the average crystallite size. The 
minimum value of the average particle size 40±10 nm (Tgel forming = 20°C, using of dispersion and 
ultrasonic action) and the maximum value 110±50 nm (Tgel forming = 80°C, without dispersion) showed 
more than 2.5-fold difference (Table 2). 
Table 2. AFM data for compound Ca0.35Er0.05Yb0.05Zr2(PO4)3 
gel forming, º  
Average particle size, nm 
without grinding with grinding 
0 
20 
20* 
80 
90±30 
100±60 
90±10 
110±50 
60±20 
50±20 
40±10 
90±20 
* with ultrasonic action 
Luminescent properties were investigated for the compounds, containing Er3+ and Yb3+ in various 
ratios, concentrations and were presented for the rows Ca0.5–1.5(x+y)ErxYbyZr2(PO4)3 (x+y = 0.01+0.01, 
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0.05+0.05, 0.1+0.1, x:y = 1:1; 0.0025+0.01, 0.005+0.02, 0.0075+0.03, x:y = 1:4; 0.002+0.02, 0.004+0.04, 
0.006+0.06, x:y = 1:10), Ca0.75–1.5(x+y)ErxYbyZr2(SiO4)0.5(PO4)2.5 (x+y = 0.01+0.01, 0.05+0.05, 0.1 +0.1, 
0.2+0.2, x:y = 1:1). The emission spectra were characterized by two parts: in the visible and near infrared 
(NIR).  
The luminescence spectra in the visible area were similar. As example, the spectra for phosphates  
Ca0.5-1.5(x+y)ErxYbyZr2(PO4)3 with x:y = 1:4 for all values of  x+y are presented in Fig. 2. There are two 
bands at 0.525 and 0.625 m. The first of them is characterized by a greater intensity. The location and 
shape of these bands were different from the known for  Er3+ upconversion.  The emission intensities are 
almost independent from the lanthanides concentrations x+y. Their maximum values are presented in Fig. 
3. 
 
Fig. 2. Photoluminescence spectra of the phosphates CaLnP(1:4) 0.01 (1), 0.02 (2), 0.03 (3) in the visible range (abbreviations are 
given in accordance with Table 1). 
The spectra in the NIR range (Fig. 3) possess the typical luminescence band at ~1.55 m of the Er3+ 
(corresponding to the transition 4I13/2 4I15/2) and a set of narrow bands (due to the Stark splitting of the 
level of 4I15/2 of this transition). The presence of these bands is associated with the erbium ions crystalline 
environment existence. The lanthanide concentration x + y influences on luminescence intensity, 
however, monotonic dependence was not observed (Fig. 3). The highest intensity was obtained for the 
Ca0.5-1.5(x+y)ErxYbyZr2(PO4)3 with x:y = 1:10 for all values of x+y. Luminescence decay time was ~ 3 ms 
(for  = 1.55 m) and was decreased with increasing of (Er3+ + Yb3+) total concentration in all samples. 
Thus, the correlation between the intensities and decay times with x+y values increase was not observed. 
This fact could mean that the concentration extinction does not play a significant role in the relaxation 
mechanisms of luminescence in the studied materials. If we compare the dependencies of the 
luminescence intensity on the concentration of Er3+ and Yb3+ in the visible and NIR regions of the spectra, 
we will note, that the correlations between them are not observed. These data as well as the above-
mentioned characteristics of the NIR spectra do not confirm the expected upconversion mechanism. 
Determination of the luminescence mechanism needs more investigations. 
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Fig. 3. Photoluminescence spectra of the phosphates and phosphate-silicates in NIR range: CaLnP(1:1) 0.01 (1), 0.05 (2), 0.10 (3); 
CaLnP(1:4) 0.01 (4), 0.02 (5), 0.03 (6); CaLnP(1:10) 0.02 (7), 0.04 (8), 0.06 (9); CaLnPSi(1:1) 0.01 (10), 0.05 (11), 0.10 (12), 0.20 
(13) (abbreviations are given in accordance with Table 1). 
In general, based on the obtained optical results it is evident, that the studied phosphates and 
phosphate-silicates are characterized by luminescence in the visible spectrum region with an intensity 
sufficient for detecting by the naked eye during excitation by infrared radiation (in the “therapeutic 
window”). Consequently, the optical properties of the investigated substances meet the requirements for 
bioimaging materials.  
The results of the dead cells (neutrophils) calculation obtained by the above method showed that the 
vitality is remained at the level 95–98% after 30 min incubation with phosphate particles. For 
comparison, cell vitality in the presence of fluorophores with the active center of Er/Yb is estimated as 
27.0±6.6% [9]. 
 
4. Conclusions 
The nanostructured crystalline powders Ca0.5Zr2(PO4)3: Er/Yb, Ca0.75Zr2(PO4)2.5(SiO4)0.5: Er/Yb with 
rhombohedral unit cell (sp. gr. R 3 ) were prepared. Influence of gel forming temperature on 
microstructure of the samples was studied. Optimal conditions of the nanostructural powders synthesis 
were determined: T = 20°C (rav = 50±20 nm). 
For the first time, it was found that the presence of lanthanides (Er and Yb) in the compounds with 
NZP structure provided the emission in the visible area at  = 0.525 m with acceptable intensity under 
excitation of infrared emission. 
The areas of emission with the highest intensities in the visible wavelength range were defined for 
the samples with the (Er to Yb) ratio x: y = 1: 10, and they did not depend on the x+y total content.  
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It is evident from experimental data, that the emission in the visible field of spectrum is not associated 
with upconversion process. 
It was established that presented materials met the requirements for bioimaging on the basis of 
the element composition of compounds, their microstructure, optical properties and biocompatibility. 
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